The phosphorus supply to crops in tropical soils is deficient due to its somewhat insoluble nature in soil, and addition of P fertilizers has been necessary to achieve high yields. The objective of this study was to examine the mechanisms through which a cover crop (Congo grass -Brachiaria ruziziensis) in rotation with soybean can enhance soil and fertilizer P availability using long-term field trials and laboratory chemical fractionation approaches. The experimental field had been cropped to soybean in rotation with several species under no-till for six years. An application rate of no P or 240 kg ha -1 of P 2 O 5 had been applied as triple superphosphate or as Arad rock phosphate. In April 2009, once more 0.0 or 80.0 kg ha -1 of P 2 O 5 was applied to the same plots when Congo grass was planted. In November 2009, after Congo grass desiccation, soil samples were taken from the 0-5 and 5-10 cm depth layer and soil P was fractionated. Soil-available P increased to the depth of 10 cm through growing Congo grass when P fertilizers were applied. The C:P ratio was also increased by the cover crop. Congo grass cultivation increased P content in the soil humic fraction to the depth of 10 cm. Congo grass increases soil P availability by preventing fertilizer from being adsorbed and by increasing soil organic P.
INTRODUCTION
The low efficiency of phosphorus use by crops in tropical soils is mostly due to soil P-fixation through adsorption or precipitation reactions. The somewhat insoluble nature of soil P impairs crop yields, and additional P sources must be applied as fertilizers in order to achieve high crop yields. One potential approach is to adopt cropping systems that may increase the level of plant-available P in soil. Cropping systems that utilize green and animal manures have had a positive impact on crop yields and reduce dependence on chemical fertilizers. Organic amendments can directly affect soil P availability through interaction with soil components.
From 30 to 50 % of total soil P is organic P, appearing mainly as phytates, nucleic acids (and their derivatives), and phospholipids. Some of this organic P is contained in or originates from crop residues. Therefore, returning crop residues to the soil is important in P cycling. In a 16-week soil incubation study, Reddy et al. (2001) observed that soybean (Glycine max L.) and wheat (Triticum aestivum L.) residues favored build-up of labile inorganic and organic P at the expense of recalcitrant P. In field studies, crop residues applied together with rock phosphate resulted in increased soil P availability, increased cereal P uptake, and higher yields than application of rock phosphate alone (Waigwa et al., 2003) . Similarly, Essington & Howard (2000) reported that plots under no-till had significantly higher values of organic P than those under conventional tillage.
To become available to plants, organic P must be mineralized. Hence, the availability of P held in the soil microbial biomass, or in plant residues, depends on the disruption of protecting cell structures. Mineralization of organic P is mediated by soil microorganisms, but the rate and pattern is regulated by environmental conditions and residue quality. Changes in both soil moisture and temperature affect microbial activity and thereby P mineralization. Net P mineralization is often positively correlated with residue P concentration and negatively correlated with C:P ratio (Kwabiah et al., 2003) and lignin concentration or lignin/P ratio (Lupwayi et al., 2004) . Whitbread et al. (2000) observed greater P content in wheat where legume residues had been retained, as compared with plots where they had been removed, and in a greenhouse experiment, a greater sorghum biomass following cover crops was reported three out of four times (Cavigelli & Thien, 2003) . The exudation of organic acids and P mobilization by phosphatases were described as mechanisms by which white lupin could solubilize soil P (Klose & Tabatabai, 2002) . A significant population of microorganisms shows ability for organic phosphorus mineralization, but a restrictive effect of Cajanus cajan was observed on the bacterial and fungal producers of alkaline and acid phosphatases, whose numbers were always lower than those obtained with Brachiaria ruziziensis (Nahas, 2002) .
Congo grass (Brachiaria ruziziensis) has been widely used in crop rotation and crop-livestock integrated systems in Brazil because of its good adaptation to low fertility soils, high yield potential, and good forage quality (Garcia et al., 2008) . This grass may have a positive effect on soil P availability, resulting from the influence of organic acids on P sorption, since it can exude citrate or oxalate under low pH conditions (Louw-Gaume et al., 2010) and decrease the maximum adsorption capacity of P in the soil (Janegitz et al., 2013) . In addition, the activities of root acid phosphatases and phytases of Congo grass were higher under conditions of low P supply (Merlin et al., 2009 ).
Hence, the introduction of Congo grass in a cropping system may favor P solubilization, or decrease soil P adsorption (George et al., 2006; Janegitz et al., 2013) , resulting in higher P use efficiency. The objective of this study was to evaluate the effectiveness of Congo grass (B. ruziziensis) grown as a cover crop in enhancing soil P availability and its relationship to C behavior using long-term field trials and laboratory chemical fractionation approaches.
MATERIAL AND METHODS
The long-term field trial site is located in Botucatu, São Paulo, Brazil (22º 51' S, 48 o 26' W Grw and altitude of 840 m). The soil is a Rhodic Hapludox (Soil Survey Staff, 2010) with 670 g kg -1 of sand and 210 g kg -1 of clay. Selected chemical characteristics of the soil are shown in table 1. The crop rotation system was first established in 1998 and consisted of triticale (X Tritico secale Wittmack) and black oat (Avena stringosa) grown in autumn-winter, pearl millet (Pennisetum glaucum) grown in the spring, and soybean (Glycine max) in the summer. In 1998 and 2001 the experiment received 0 (control) and 80 kg ha -1 of P 2 O 5 (total P) either as triple superphosphate or as Arad reactive rock phosphate. The impact of Congo grass (B. ruziziensis) has been studied since 2006, when the rotation was changed from triticale, black oat, or pearl millet to Congo grass. In 2006 and 2009, the treatments consisted of 0 and 80 kg ha -1 of P 2 O 5 , which was applied as triple superphosphate (soluble) or as natural Arad rock phosphate (reactive) to the same plots which had previously received the same fertilizers. Triple superphosphate had 180 g kg -1 of P, 79 g kg -1 of Ca, and 12 g kg -1 of S; and reactive Arad phosphate had 143 g kg -1 of P, 269 g kg -1 of Ca, and 8.5 g kg -1 of S. In April 2009, the P fertilizers were applied on the soil surface, and Congo grass was planted (without K or N fertilizer) in half of the plots at 30 kg ha -1 of seeds (42 % viable seeds) and desiccated 289 days after emergence (DAE) using glyphosate at 2.88 kg ha -1 (a.i.). In plots without Congo grass, glyphosate was applied twice to prevent weed growth.
In order to estimate Congo grass dry matter yields, plant residues were sampled at six randomized sites per plot using a 0.25 m 2 (0.5 × 0.5 m) wooden frame and were dried in a forced air oven at 60 o C for 72 h. The plant samples were weighed and sub-samples were analyzed for N, P, K, Ca, and Mg concentrations. The remaining material was returned to its original site. Nitrogen in plant samples was determined by sulfuric acid digestion and steam distillation, and P, K, Ca, and Mg were determined using atomic absorption spectrometry (AA-7000, Shimadzu Scientific Instruments, Japan) after wet acid digestion.
In November 2009, six soil samples were randomly collected with an auger at two depths (0-5 and 5-10 cm) from each plot and combined into one composite sample per depth for analysis. Soil pH was determined in 0.01 mol L -1 CaCl 2 at a 1:2.5 soil:solution (w/v) ratio using a pH-meter (DM-22, Digimed, Brazil), and available P was extracted by the pearl resin method as described in Raij et al. (1986) .
Organic C concentration in the soil samples was determined by dry combustion using a C/N Analyzer (Vario Max Macro Elemental Analyzer, Elemental Analysis System GmbH, Hanau, Germany) at the University of Florida Indian River Research and Education Center in Fort Pierce, FL. Soil organic P fractionation was conducted according to Bowman & Cole (1978) , modified by Sharpley & Smith (1985) and Ivanoff et al. (1998) . In order to estimate labile organic P, 0.5 g of soil was shaken in a water suspension for 16 h on a horizontal shaker (end-over-end) with 0.5 mol L -1 NaHCO 3 (pH 8.5). Inorganic P (Pi) and total P (Pt) were determined in the extract, and labile organic P was calculated as the difference between them. Moderately labile organic P was determined by the difference between Pi and Pt extracted with 1.0 mol L -1 HCl. Organic P bound to fulvic (Pf) and humic (Ph) substances was extracted with 0.5 mol L -1 NaOH. To separate Pf from Ph, an aliquot of the 0.5 mol L -1 NaOH extract was taken and acidified to pH 1.0-1.5 with concentrated HCl. At this pH, humic acids precipitate, and fulvic acids remain in the solution. Pt in the acidified sample is a measure of Pf. The Ph fraction was determined by subtracting Pf from the Pt measured in the 0.5 mol L -1 NaOH extract. Phosphorus concentration in the solutions was determined by colorimetric analysis by the molybdateblue/ascorbic acid method (Murphy & Riley, 1962) . All samples were analyzed in triplicate. Carbon concentration in the extracts containing fulvic and humic substances was determined by a Liquid Total Organic Carbon Analyzer (liquid TOC trace, Elemental Analysis System GmbH, Hanau, Germany). Carbon to P ratio (C:P) was calculated using the values obtained from the analyses described above.
The experimental design was a 3 × 2 factorial arrangement with three initial P treatments, with and without Congo grass, and four replications for each treatment. Data for each soil depth were analyzed separately. Plots were 5.0 × 8.0 m. Results were subjected to statistical analyses using SAS -System for Windows 9.2 (SAS, 2001) through the GLM procedure, and means were compared by LSD (p<0.05).
RESULTS
The average dry matter yield of Congo grass was significantly increased by P fertilizers ( (1998) in plant tissue were also increased by P fertilization (Table 2) , but were higher for the soluble source.
The average concentrations of N, K, Ca, and Mg in plant tissue were 13.7, 20.1, 7.8, and 5.2 g kg -1 , respectively, without significant differences due to P fertilization. These nutrient concentrations are within the adequate range, showing that there was no nutrient deficiency other than P during the experiment.
Soil inorganic available P (resin-P) was increased by Congo grass at both depths in P fertilized plots (Table 3) , and no difference was observed between the two P sources. Moreover, the cover crop increased organic P extractable by 0.5 mol L -1 NaHCO 3 at the 0-5 cm depth of plots receiving soluble or reactive P fertilizer, but had no effect on organic P or resin-P for the plots without P fertilizers (Table 3 ). No differences in 1.0 mol L -1 HCl extractable P were observed.
Humic substance bound organic P (Ph) contents in soils from Congo grass fertilized plots were significantly higher than those without the cover crop (Table 3) . With the cover crop, P fertilization increased Ph at the 0-5 and 5-10 cm depth. Fulvic substance bound organic P (Pf) was not affected by P sources or the cover crop.
The P sources and the cover crop increased organic P pools and consequently affected total organic P content in the soil. The highest content was observed for soluble phosphate with B. ruziziensis cultivation at the 0-5 cm depth (Table 3) .
Cover crop treatment had the greatest influence on soil C fractions, regardless of the rate or source of P fertilizers (Table 4) . Growing Congo grass also increased the C content in the humic fraction at both depths (Table 4) . The highest C content of the humic fraction was found in the soil receiving rock reactive phosphate at the 0-5 cm depth. An increase in the C:P ratio (p=0.05) was observed in plots under Congo grass (Table 5) , regardless of soil depth. The humic fraction C:P ratio was also higher in plots planted to Congo grass, regardless of soil depth.
DISCUSSION
The original soil P level was inadequate for Congo grass growth since there was response in the average dry matter yield. Corrêa & Haag (1993) emphasized the importance of P supply for grasses in the first year of cropping in Brazilian soils. Brachiaria decumbens has been recommended for low P soils since this species is well adapted, and in some cases it can produce three times more dry matter than other Brachiaria. Hence, Congo grass may not be well adapted to soils with low P availability. However, dry matter yield differences among Brachiaria species were not observed at high P supply (Corrêa & Haag, 1993) . The same authors observed a decrease in P fertilization response after the second crop of the Brachiaria genus in the same area, probably due to higher access to native P in the soil. Table 3 . Mean values of available P (P-resin), labile organic P (0.5 mol L -1 NaHCO 3 ), moderately labile organic P (1.0 mol L -1 HCl), humic substance bound organic P (Ph), fulvic substance bound organic P (Pf), and total organic P (Pt) levels in the soil at the 0-5 and 5-10 cm depths under broadcast application of phosphorus sources and Brachiaria ruziziensis (presence -with; absence -without)
(1) RP: Reactive Phosphate; (2) SP: Superphosphate. Different letters in rows show significant differences between Congo grass treatments (p<0.05).
Treatment
Dry Matter P content kg ha -1 of P kg ha Phosphorus concentration in plant tissue was significantly higher due to P fertilization, and an even higher concentration was observed with the soluble P source. Similar results were found by Corrêa & Haag (1993) studying critical levels of P for the establishment of pasture grass on a Red Yellow Oxisol. Phosphorus accumulation in plant tissue may vary by species. This characteristic is important in deciding on which crop to use as a cover crop since the ability to accumulate nutrients plus the ability of adaptation to low fertility can determine the success of P cycling in the system. Growing Congo grass increased soil available P as estimated by resin extraction at both soil depths when P fertilizers were applied. The buildup of available P in the topsoil by B. ruziziensis cropped under no-till supports the findings of several other studies, including other species (Galvani et al., 2008) . This effect may result from the influence of organic acids on P sorption, since Brachiarias can exude citrate or oxalate (Watts & Evans, 2003; Louw-Gaume et al., 2010) , and Congo grass was shown to decrease the soil maximum P adsorption capacity (Janegitz et al., 2013) . In addition, the activities of acid phosphatases and phytases released by the roots or microorganisms of some grasses such as Congo grass are higher under low P supply conditions (Merlin et al., 2009) , and this is paramount in solubilizing P in the soil. Findings of Louw-Gaume et al. (2010) support the hypothesis that Brachiaria roots can modify their P acquisition capacity by adjusting their physiological, morphological, and architectural traits to meet changes in plant P demand. These findings are supported by other authors (Merlin et al., 2009 ) who reported that root tissue activity of alkaline phosphatases and phytases of Brachiaria ruziziensis and B. decumbens were higher with low P supply. Table 5 . Mean values of the carbon and phosphorus (C:P) ratio in the soil at 0-5 and 5-10 cm depths under broadcast application of phosphorus sources and Brachiaria ruziziensis (presence -with; absencewithout)
(1) RP: Reactive Phosphate; (2) SP: Superphosphate. Different letters in the rows show significant differences between Congo grass treatments (p<0.05). Table 4 . Mean values of dissolved carbon in the extractant 0.5 mol L -1 NaOH in the humic fraction (Humic -C), fulvic fraction (Fulvic -C) and Total (Total -C) in the soil at 0-5 and 5-10 cm depths under broadcast application of phosphorus sources and Brachiaria ruziziensis (presence -with; absence -without)
However, in the present experiment, in low P plots there was a significant effect of Congo grass on P availability. Hence, in the presence of P fertilization, the role of the cover crop in avoiding P adsorption to soil colloids seems to be more important.
Soil organic P may be utilized by plants after mineralization and subsequent release of Pi. Some root exudates, such as acid phosphatase, which catalyzes hydrolytic cleavage of the C-O-P ester bond of organic P present in the soil (Eivazi & Tabatabai, 1977) and releases P as plant-available Pi forms (H 2 PO 4 -, HPO 4 2-), may originate from plant and soil microorganisms. In most agricultural soils, organic P forms comprise 20-85 % of total P, of which the largest fraction (50 %) appears to be in the form of phytin and its derivatives (Dalal, 1977) . Organic P forms such as phytin, lecithin, and glycophosphate may be important in the P nutrition of plants (Tarafdar & Claassen, 1988) . In this experiment, Congo grass increased some organic P forms. The greatest increase was observed in the 0.5 mol L -1 NaHCO 3 fraction at the 0-5 cm depth of plots receiving soluble or reactive P fertilizer. This effect may be explained by root activity since there is evidence that enhanced phosphatase activity in the rhizosphere is implicated in the depletion of organic P forms from P-deficient Oxisols (George et al., 2006) .
The 0.5 mol L -1 NaHCO 3 fraction, though not directly taken up by plants, is generally considered to be readily or potentially available because of its low molecular weight and because it can be readily mineralized (Hedley et al., 1982) . The increase in the 0.5 mol L -1 NaHCO 3 fraction is in accordance with the increased available P, showing that Congo grass can enhance P availability in high P-fixing soils. A linear relationship between acid phosphatase activity and the release of inorganic P from different organic P forms has been observed, which could be a mechanism to explain this increase in the 0.5 mol L -1 NaHCO 3 fraction (Tarafdar, 1989) . Interestingly, Congo grass increased humic substance bound organic P (Ph) contents in soils from fertilized plots. The increase in pH has a big effect on P availability since P in these humic fractions has been suggested to represent a moderately to highly resistant P pool in soils (Bowman & Cole, 1978) . Knowledge of its chemical nature seems essential for an understanding of its role in P cycling. Makarov et al. (1996) , who investigated the P-species distribution in humic fractions from A horizons, reported that the labile P in humic fractions indicate limited microbial activity, resulting in accumulation of organic P forms. Indirectly, the organic P accumulation observed in the same treatments could be a side effect of the higher content of P in humic substances. In line with these findings, Hong & Yamane (1980) found that 60 % of the organic P fractions in fulvic acid were found as inositol hexakisphosphate, and 40 % of the fractions were found as other forms of organic P, which can be rapidly mineralized and become available to plants.
The C content in the humic fraction of the SOM was increased by Congo grass. Dry matter decomposition rates are generally slower in no-till compared to conventional tillage, in which the decomposition of SOM is hastened by revolving the soil and by alterations in the soil microclimate, and that is why no-till has been recommended as part of a strategy to reduce C loss from agricultural soils (Kern & Johnson, 1993) . Tyler et al. (1983) observed higher levels of organic matter in soybean plots under no-till, after two years, than under conventional tillage treatments.
In the present experiment, not only C and organic P increased under Congo grass, but the C:P ratio also increased. Worldwide, C:P ratios range from 60:1 to 186:1, and tend to be relatively stable (Zhang et al., 2013) . Forages accumulate more C in soils, compared to grain crops, due to higher root biomass production (Salton et al., 2008; Franzluebbers, 2010) . For cash and cover crops, the role of shoots and roots as sources of SOM has been the subject of several studies (Gale & Cambardella, 2000) , and it was suggested that rootderived C is the predominant contributor to soil organic C. Santos et al. (2011) reported that forage-based rotations of semi-perennial alfalfa and annual ryegrass for hay production contribute more to soil organic C sequestration than rotations based on cover crops (oat or vetch). The authors conclude that this can be explained by the roots, and either forage-based or cover crop-based rotations play a more relevant role in building up soil C stocks than shoot residues.
In humid tropical conditions, high critical C:P ratios are likely due to low decomposer phosphorus concentrations (Manzoni et al., 2010) . Since phosphorus concentrations in plant residues tend to be low compared to the decomposer requirements, P may initially be immobilized by decomposers until the concentration in the residue reaches a critical value and net release occurs (Parton et al., 2007) . The application of materials with wide C:P ratios results in greater microbial biomass P concentrations, and a strong negative correlation between added C (and the C:P ratio) and the increase in extractable P (Leytem et al., 2005) . In the present experiment, the C:P ratio and the organic P bound to humic fractions were increased by Congo grass, in spite of an increase in readily available P. This means that the grass, by adding large amounts of C to the soil, increased the demand for P decomposers, which may compete with the cash crop for soil P in the short range. In the long range, P from microbial biomass may become plant available.
CONCLUSIONS
1. Congo grass is responsive to P fertilization and increases residual inorganic P in the soil in the presence of P fertilizers.
2. Growing Congo grass as a cover crop increases soil C pools, the C:P ratio, and the P bound to humic acid.
3. In spite of the increased soil P lability after the introduction of Congo grass in the rotation, an increased C:P ratio will probably result in less P available for plants in the short term.
